Abstract.
ElectroDynamic fED) Tethers can generate continuous low thrust in a low Earth orbit. An induced current running through the length of the tether reacts with the geomagnetic field to produce thrust. The amount of thrust scales with tether length and current. The International Space Station (ISS/requires periodic reboost to maintain an approximately circular orbit above the Earth. The baseline reboost method is a traditional bi-propellant rocket thruster and tankage system which must to ber:efueled via Soyuz / Progress or other launch vehicle. The estimated propellant costs associated with keeping [SS in the designated orbit over a 10-year life have been extremely high. The ED Tether would draw energy from the renewable ISS Solar Array electrical power system. Propulsion requirements tbr ISS vary depending on solar wind and other conditions. It is projected that a ED Tether could provide the majority of the required reboost thrust for [SS for a nominal solar year. For above nominal solar wind years the ISS v, ould have to use the rocket reboost system, but at a greatly reduced level. Thus resulting in substantial cost savings, via the reduction in the number of Earth-to-orbit launch vehicle (lights to the ISS that must bring reboost propellant. However, the purposes of this paper is to further previous research on an ISS have ranged from a few hundred million to over a billion saved in refueling costs by the use of an ED Tether for supplemental reboost over a I0 year period. A ED Tether reboost system also has several less tangible benefits. A reduction in external contamination via reduction in the use of the ISS hydrazine thrusters has large benefits for science payloads and the power producing solar arrays. Another benefit is an ED Tether thrust is approximately equal to ISS drag, thus a high percentage of microgravity payloads should be able to operate for long periods of time as compared to having to halt operation when the higher thrust hydrazine thruster are activated.
Previous work and papers such as The Tethers In Space Handbook (Smithsonian Astrophysical Observatory, 1997), Electrodynamic Tethers For Spacecraft Propulsion (Johnson, 1998) , and Space Station Reboost with Electrodynamic Tethers (Vas, 2000) have looked at using a ED Tether for propulsion and proposed possible designs. For this paper a new tether design is not proposed, instead a reference design is used to determine restrictions and design issues that might prevent the use of a ED Tether on ISS. The referenced ED Tether design and cost estimates utilized by this paper are described in detail in the Space Station Reboost with Electrodynamic Tethers (Vas, 2000) . The ED Tether design baseline consists of a 7 kM long tether. Both 5 and 10 kW ED Tethers are considered. The design is a conventional tether with 5 km of the tether insulated and the bottom 2-kin end of the tether left uninsulated to collect electrons. Using numbers from the Vas (2000) paper it has been estimated a 7.55 kW tether is needed to equalize the nominal aerodrag of ISS over an I 1 year solar cycle, assuming a 100% duty cycle and disregarding off angle thrust issues. Figure 1 indicates the original baseline design with a Nadir pointing tether using the ISS plasma contactor. The most obvious attachment points in regards to easiest interface are the payload pallet locations on the two outboard truss sections. These have readily available attachment points as well as power and data ports. However, the power ports are limited to 3kW peak. Also the points are far from the C.G. (Center of Gravity) for ISS. One possible design solution is to use a ED Tether at each end of the truss. Hov,,ever, the additional cost of two tethers, reels, etc and the question of getting more than 3 kW (even with two ports combined) caused concern for this option.
One possible benefit is that the positions are far enough off of the shuttle flight path so that they would not have to be reeled in during rendezvous. However, initial feedback from ISS safety was that even for the outboard truss Nadir position, the tether is to close for comfort and may have to be reeled in. year after ISS assembly is complete. Thus, use of the reel for 50-60 operations over a 10-year life and its estimated reliability and the associated degradation on the tether was a significant concern. Due to safety requirements a redundant or backup system is required. Also. other concerns like minimum time to retract a tether in case of an emergency drove the backup system design.
A tether cutter or guillotine was selected as the backup design.
However, the time for the tether to drift away from ISS is also a concern.
[n an emergency situation where the CRV 
Libration and Off Angle Thrust
As the orbit precesses, the travel of ISS is not always due east in regards to the face of the earth. ISS with an inclination of 51.6 degrees has only a small percentage of its orbital time actually traveling eastward. The ED Tether interaction with the Earth's magnetic field produces an eastward thrust (note: some variation due to local disturbances and the geomagnetic field not being perfectly aligned with the poles does occur). Thus an out of plane thrust is produced. A worse case example is crossing the equator with a 51.6-degree inclination orbit. The induced thrust along the orbit is only 62% of the total thrust magnitude, while the out of plane component is at 78% of the total thrust magnitude.
Out of plane forces can resonate with out of plane motion, thus driving tether motions to large amplitudes. This is a significant factor driving tether and boom design. Thus boom length will be a function of the height and proximity of possible impact targets, such as the Russian Science Power Platform and the worse case tether amplitude or angle. A second issue related to tether amplitude is the disturbance to the microgravity environment of ISS and how the disturbances effect the microgravity sensitive payloads. A third issue is inclination change due to off angle thrust. The concern is that continued out of plane thrust will eventually cause an orbital inclination change, slowly pushing the ISS inclination lower, toward the equator. Two different model runs were performed.
Neither model took into account variations in the magnetic field or tether librations. The two models used different software programs and had slightly different results. The second model with the higher indicated inclination change modeled both .43 and .7 Newtons of thrust, with a variable duty cycle. Using .43 Newtons, the second model indicated an inclination change in degrees of .07382, .28296, and .966653 over 10 years, for a duty cycle of 25%, 50%, and 100%, respectively.
Using .0.7 Newtons, the second model indicated an inclination change in degrees of. 12017, .46063, and. 1.57341 over l0 years, for a duty cycle of 25%, 50%, and 100%, respectively.
One obvious workaround around for the out of plane thrust issue, is to limit thrust during periods of time when the ISS orbit is mostly eastward, however this solution could limit the ED Tether thrust duty cycle, depending on thrust level and allowable ISS inclination change and Tether Libration. One obvious solution, tbr the inclination change issue, is to use the ISS bi-propellant system to thrust slightly off-angle when used; thus, countering the effect of the ED Tether inclination change. However, one down side is a slight increase in the usage of bi-propellant fuel. Several more complex solutions that have been identified and will be addressed in future studies. These solutions include the use of a controllable end mass and nodes along the length of the tether. The nodes would control current through the length of the particular section of tether; this solution has promise in particular for the Libration and tether oscillation concern. Another possible solution related to inclination change is to use the tether for propulsion for the majority of the orbit. Than switch over to power generation mode prior to crossing the equator, which is the part of the orbit with the highest angle and thus produces the most significant change in orbit inclination. The short period ofoutofplane dragorpower mode, whilecrossing theequator, should balance outtheinclination change caused by thelonger duration thrust mode. A similar concept istousetheEDTether for power generation over several orbits, during peak ISS power demand, in addition to the normal thrust mode. This concept has the advantage of fewer disturbances to the micro-gravity sensitive payloads. Thus the ratio of propulsion vs. drag or power mode is high, with the added benefit of producing electrical power for ISS. However, additional costs for a dual mode tether and further issues on microgravity disturbances and libration complicate this design concept. A detailed simulation model of the off angle thrust and Libration is planned for the next study phase and should yield accurate numbers to help select the appropriate design solution.
Self-sufficient
Zenith Design
Due to operational constraints and the amount of tether reeling required for a Nadir pointing tether, the more complex Zenith design with a plasma contactor or electron emitter on the end mass was chosen as the baseline approach. The Zenith design also affords a better opportunity for other options. Since power availability from ISS is limited to 6 kW peak and with a very restricted duty cycle, the possibility of a self-sufficient ED Tether was investigated.
A design with a micro-satellite type structure as the end mass with large solar arrays is a possible concept. The solar array would provide power for the ED Tether propulsion as well as avionics, reaction wheels, thrusters, etc. within the MicroSat. Using high efficiency solar cells for a small array size and when combined with the distance from ISS (E.g. 7 km) the issue of shadowing ISS solar arrays is minimized. The 7-kin distance of the avionics and power converter from ISS also helps with other ISS design drivers such as EMI and arcing. Power for the seldom used reel and tether cutter, which is still attached to ISS, would still be from ISS. This design is indicated in Figure 3 . 
CONCLUSION
The main technical issues that limit use of a ED Tether on ISS are libration and the possible issue of inclination chan_e due to otf angle thrust. Microgravity disturbances also need to be quantified prior to utilizing a tether for propulsion on [SS. ISS Power and operational issues also limit the ED duty cycle. With ISS power availability at it planned levels, even if the off angle thrust issue is resolved, the tether duty cycle could still be limited to a maximum duty cycle of 50%, or less. The safety and operational usage of a tether is further limited by Shuttle and CRV
operations.
A ED Tether in a Zenith orientation greatly reduces the impact of a Space Shuttle rendezvous with ISS andaCRVlaunch. Adisadvantage oftheZenith orientation isincreased complexity andtheissue of providing power tothetether andplasma contactor. Theoption ofusing aMicroSat astheendmass, withlarge solar panels, resolves theissue ofproviding power andtheavailability power fromISS. However, thatoption withalarger and probably heavier endmass couldfurther complicate libration andmicrogravity concerns. Themaingoal ofthisstudy wastoidentify thebarriers tousing aEDTether onISSand, if possible, identify design solutions. Theremaining barriers, such asoff angle thrust andLibration, which require adetailed simulation model toresolve, will betackled inphase 2ofthisstudy.
